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Additive manufacturing by selective electron beam melting is a promising way to fabricate complex Ti–6Al–4V components. Sound
parts can be realized by applying quite diﬀerent processing strategies, which have an inﬂuence not only on processing time but also on the
microstructure and the alloy composition. In this work, the processing window for Ti–6Al–4V is determined for a wide range of scanning
speeds and line energies. The inﬂuence of the energy input on the resulting heat-aﬀected zone and alloy composition is discussed.
 2014 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/3.0/).
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Ti–6Al–4V is a widely used engineering material for a
variety of applications in automotive, aerospace and med-
ical implant industries due to its combination of mechani-
cal properties and low density [1]. In the last years, great
eﬀorts have been made to produce Ti–6Al–4V components
by additive manufacturing processes, e.g. selective electron
beam melting (SEBM) [1–3]. The very fast electron beam
combined with the protecting working environment in a
controlled vacuum make the SEBM process eminently sui-
ted to shape complex structures made of Ti–6Al–4V [4].
Dense Ti–6Al–4V parts manufactured by SEBM have
been investigated by a number of researchers, with the
microstructure and texture as well as the mechanical prop-
erties being the main subject of interest [3–6]. The results
show a good comparability to properties of wrought or
cast Ti–6Al–4V [7]. In all these investigations, the proper-
ties were examined only for a standard processing setting,http://dx.doi.org/10.1016/j.actamat.2014.05.037
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the inﬂuence of the process parameters scanning speed and
beam power on the properties of the parts was not taken
into account. A further challenge during the SEBM process
is the evaporation of alloying elements, especially of alumi-
num. With increasing energy input the evaporation loss
increases exponentially, which has a great inﬂuence on
the microstructure and mechanical properties.
To exploit the full potential of SEBM it is necessary to
understand the dependencies between processing parame-
ters and resulting microstructure. Especially high scanning
speeds are interesting since they lead to high process eﬃ-
ciency. In this contribution the inﬂuence of the scanning
speed of the electron beam on the processing window is
investigated. The heat-aﬀected zone (HAZ) and the chem-
ical composition are investigated as a function of the pro-
cessing parameters.
2. Materials and methods
Argon-gas-atomized Ti–6Al–4V powder, supplied by
the company TLS Technik GmbH & Co. Spezialpulverommons.org/licenses/by-nc-nd/3.0/).
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size of 69 lm, was used as the raw material. The particles
show a mainly round morphology with a small amount
of satellites due to the processing route. Samples were built
in the SEBM process using an Arcam S12 machine (Arcam
AB, Mo¨lndal, Sweden), consisting of an electron beam
gun, a build tank, two powder hoppers and a rake (see
Fig. 1).
The start plate, on which the specimens are built up, is
centered on a powder bed in the build tank. The rake
applies the powder, stored in the powder hoppers, with a
certain layer thickness on the powder bed and the start
plate. The electron beam is focused and deﬂected by means
of electromagnetic forces in a vacuum atmosphere with a
low partial He pressure of 2  103 mbar.
The SEBM process consists of four main steps [8]. First,
a powder layer is applied with a rake on the start plate.
Then the powder is preheated and slightly sintered by mul-
tiple scanning of the powder layer with a defocused elec-
tron beam. The slight sintering of the powder leads to a
better electric and thermal conductivity and mechanical
stability of the powder bed. Subsequently, deﬁned areas
are molten with a focused electron beam. Finally, the build
table is lowered by a predetermined distance deﬁning the
layer thickness of the subsequent layer.
For the determination of a processing window parts
were built with a square base of 15  15 mm2 and a height
of 10 mm with a layer thickness of 50 lm. The scanning
speed, vscan, and beam power, Pbeam, were varied betweenFig. 1. Schematic of the Arcam S12 SEBM machine and a scan0.2 m s1 and 6.4 m s1 and 42 W and 2400 W, respec-
tively. This leads to a line energy Eline ¼ Pbeamvscan of 0.15 kJ m
1
up to 1.0 kJ m1. The scanning strategy was a snake-like
hatching of the area with a line distance of 0.1 mm. After
each layer the scanning direction was rotated by 90. The
time for building one layer was constant in every process.
During the process a temperature of 650 C was mea-
sured at the start plate. This temperature is mainly con-
trolled by the preheating, which is applied before every
melting step. Here the standard Arcam parameters were
used. A variation of the preheating would lead to a change
of the process temperature and therefore a slight shifting of
the processing window.
The fabricated parts were cut in the built direction and
the longitudinal cross-sections were analyzed. The cross-
sections were embedded, ground and polished. For micro-
structure analysis the specimens were etched using 8%
H2O2 in a 25% KOH solution at 60 C. The microsections
were examined using an optical microscope. The criteria
for good parts, which determine the lower and upper band
of the processing window, are a relative density higher than
99.5% and a smooth top surface, respectively. The density
was analyzed by measuring the porosity of ﬁve positions in
the cross-section of each specimen at the same build height
using a microscope. The upper limit of the processing win-
dow is set by the smoothness of the surface. An uneven top
surface occurs if too much energy is deposited into the
specimen. The uneven surface was detected by optical
investigation.ning electron microscopy image of the Ti–6Al–4V powder.
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The HAZ is characterized by a previous heat treatment
above the ß-transus temperature, which leads to a phase
transformation from the single ß-phase to the a- and ß-
phase. The ß-transus temperature is 980 C for Ti–6Al–
4V [9]. Dark shadows along the cross-section of the speci-
men indicate the boundaries of individual layers [10]. The
distance between the last layer and the top surface is mea-
sured by an optical microscope at three spots in constant
distance to each other. The average of the measured values
shows the mean HAZ and also its variation along the spec-
imen surface.
Electron probe microanalysis (JEOL JXA 8100) was
used to examine the local chemical composition within
the samples. Therefore, 1 mm beneath the top of the
cross-section an area of 0.25 mm2 in the middle of the
specimen was analyzed. The global chemical composition
of the samples was investigated with a spark spectrometer
(Spectro Spectromaxx).
3. Results
3.1. Determination of the processing window
The specimens were assessed on the basis of the crite-
ria relative density of minimum 99.5% and a smooth top
surface, see Fig. 2. From these criteria the processing
window of Ti–6Al–4V for the given process setting
dependent on scanning speed and line energy is plotted.
At lower scanning speed a broader process window
opens, which becomes narrower at higher scanning
speeds. Above 1.5 m s1 the process window shows a
nearly constant width. Generally, the minimum line
energy for dense parts decreases with increasing scanning
speed. Also the maximum line energy decreases with
increasing scanning speed.Fig. 2. Processing window of Ti–6Al–4V processed by SEBM. The area enc
smooth parts.3.2. Heat aﬀected zone
The HAZ of the electron beam in terms of the ß-transus
temperature is indicated by dark bands in etched cross-sec-
tions of the specimens. Fig. 3 shows the HAZ for specimens
built with two diﬀerent scanning speeds of 0.2 m s1 and
4.0 m s1 and diﬀerent line energy. The HAZ of parts built
with constant scanning speed increases nearly linearly with
increasing line energy. The deviation of the mean value
increases with increasing line energy. High deviations are
caused by an uneven top surface. Generally, at constant
line energy the HAZ of the parts increases linearly with
scanning speed. The minimum HAZ for dense material is
300–400 lm.
3.3. Alloy composition
The size of the melt pool and also the top surface tem-
perature increases with energy input. This can lead to
strong evaporation eﬀects, especially involving the loss of
light elements such as aluminum. Fig. 4 shows the distribu-
tion of aluminum within the samples built with diﬀerent
process parameters.
The aluminum concentration shows a layered structure.
That is an eﬀect of the build direction, which is normal to
the layer structure for good samples. Samples built with
too much line energy show an uneven top surface, which
leads to an inclined layered structure of the aluminum con-
centration. With increasing line energy at constant scan-
ning speed the aluminum content strongly decreases. At
constant line energy, the total aluminum concentration
decreases with increasing scanning speed. This result is sup-
ported by the spark spectrometer measurements depicted in
Fig. 5. Here, the aluminum content decreases with increas-
ing line energy for a constant scanning speed. At constant
line energy, the aluminum concentration decreases withlosed by dashed lines constitutes the processing window with dense and
Fig. 3. Heat aﬀected zone of Ti–6Al–4V melted by an electron beam with varying scanning speed and line energy.
Fig. 4. Aluminum concentration of samples built with diﬀerent scanning speeds and line energies by electron probe microanalysis. The build direction is
oriented towards the top of the image, whereas an uneven surface leads to tilting of the layers (sample with 4.0 m s1, 0.3 kJ m1).
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entire processing window.
4. Discussion
4.1. Processing window and minimum line energy
The processing window of Ti–6Al–4V is dependent on
the scanning speed and line energy. Using higher scanning
speed leads to a continuous decrease in the line energy nec-
essary to produce dense parts. This has to be attributed to
the loss of heat due to thermal conduction, which is less
distinct at higher scanning speed. It has to be distinguished
between thermal loss during the local interaction between
beam and powder and the thermal loss until the beamreturns to the same point at the adjacent line during
hatching.
The critical scanning speed, vcrit,local, above which local
thermal loss can be neglected, and the critical speed,
vcrit,hatch, above which heat loss during hatching is negligi-
ble, can be estimated as follows. In order to estimate the
critical velocities, the thermal diﬀusion depth, ddiﬀ, is used:
ddiff ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4  k  tdiff
p
ð1Þ
where tdiﬀ notes the time available for diﬀusion and k is the
thermal diﬀusivity [11].
The interaction time of the powder and the beam, tint, is
determined by the beam diameter dbeam and the scanning
speed vscan:
Fig. 5. Aluminum content along the processing window as a function of the line energy and the scanning speed. The aluminum content is measured by
spark spectrometry. The processing window for dense and dimensionally stable parts is indicated by the dashed lines.
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vcrit,local is deﬁned as the scanning speed where the interac-
tion time is equal to the time available for diﬀusion tdiﬀ
(Eqs. (1) and (2)):
vcrit:local ¼ dbeam  4  k
d2diff
ð3Þ
If vscan < vcrit,local, strong local thermal losses occur, i.e.
the line energy for producing dense parts increases.
For vscan > vcrit,local the hatching eﬀect becomes evident
with increasing scanning speed. Thermal losses no longer
have a great impact when the return time of the beam treturn
is equal to the time for diﬀusion. The return time of the
beam is determined by the scanning speed and the length
of the molten line L.
treturn ¼ Lvscan ð4Þ
Thus, the critical speed for hatching vcrit,hatch is deﬁned
as
vcrit:hatch ¼ L  4  k
d2diff
ð5Þ
Using the values given in Table 1 where we identify
the diﬀusion depth with about three times the layer
thickness, the critical velocity for local heat loss is
0.2 m s1. The approximation of the diﬀusion depths
Table 1
Physical properties of Ti–6Al–4V and process parameter.
Parameter
Thermal diﬀusion coeﬃcient k (m2 s1)
Length of the molten line L (m)
Diﬀusion depth ddiﬀ (m)
Beam diameter dbeam (m)is based on the fact that the necessary melt pool depth
to realize sound parts is about twice the layer thickness.
Much smaller speeds lead to strong heat loss during
beam powder interaction. Much larger speeds prevent
this loss but may cause superheating and evaporation.
The estimation of vcrit,hatch results in 10 m s
1. The heat
from previous lines can be used for melting, especially
at high scanning speeds.
Fig. 6 shows schematically the diﬀerent aspects of ther-
mal loss during hatching. Due to conductive losses the min-
imum line energy necessary for realizing dense parts
decreases with increasing scanning speed. For high scan-
ning speeds thermal conduction can be neglected and the
processing window is only given by the line energy. The last
statement is based on the fact that evaporation is not taken
into account for the estimations. At higher scanning speeds
the power density of the beam increases at constant line
energy and evaporation will occur. Thus, we expect that
the processing window will eventually be closed at high
speeds.
Comparing the calculated critical speeds with the pro-
cessing window of Fig. 2 shows that the strong increase
of the necessary line energy for small velocities is due to
thermal losses during beam–powder interaction. On the
other hand, the scanning speeds are still below the critical
scanning speed where thermal losses between adjacent lines
can be neglected. The slight decrease of the necessary line
energy with increasing scanning speed is due to the factValue
3.7  106 [12]
1.5  102 Experiment
1.5  104 3  layer thickness
3.5  104 Arcam
Fig. 6. Schematic drawing of the minimum line energy necessary for producing dense Ti–6Al–4V parts by selective electron beam melting dependent on
the scanning speed.
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able for melting. Nevertheless, the critical speed for hatch-
ing is not yet reached for these experiments.
4.2. Heat aﬀected zone
For a constant scanning speed the heat aﬀected zone
increases linearly with line energy (Fig. 3). Higher scanning
speeds cause a deeper HAZ at constant line energy due to
less thermal conduction loss. The inﬂuence of the scanning
speed on the HAZ is depicted in Fig. 7. Using a higher
scanning speed leads to an increase of the depth of the
HAZ since losses due to thermal conduction are reduced.
At vscan = 4.0 m s
1 a constant value is not yet reached.
These ﬁndings for the HAZ are consistent with the results
for the processing window.Fig. 7. HAZ as a function of the scanning speed for two diﬀerent line4.3. Evaporation eﬀects
Aluminum loss is critical because variations in the com-
position lead to changes of the microstructure and mechan-
ical properties. Higher line energies lead to higher total
energy input and therefore higher surface temperatures
and larger melt pools, which both amplify evaporation. If
the scanning speed is increased the surface temperature as
well as the size and lifetime of the melt pool increase,
because less time for thermal conduction is left. Thus, the
aluminum concentration of the Ti–6Al–4V samples
decreases with increasing line energy at constant scanning
speed and increasing scanning speed at constant line
energy. At the lower limit of the processing window alumi-
num loss is small whereas the aluminum loss is very large
(up to 30%) at the upper limit since much more energy isenergies. An uneven surface leads to strong variations of the HAZ.
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excess energy leads to very high surface temperature and
to strong evaporation. Thus to avoid strong changes of
the chemical composition, overheating of the melt pool
has to be avoided. Fig. 5 shows that higher scanning speeds
at lower line energies do not reduce the aluminum loss for
the processing strategy which was applied. Besides the total
aluminum loss, the aluminum content follows the layered
structure caused by the layer-by-layer building strategy.
Thus, the aluminum content varies with building direction
of the samples on a length scale of 50 lm. Obviously, dif-
fusion processes are not fast enough to level concentration
diﬀerences and to homogenize the fabricated sample with
respect to the aluminum concentration. The diﬀusion coef-
ﬁcient of Al in a-Ti at build temperatures of 700 C is
1.28  1020 m2 s1 [13]. That means that the diﬀusion
length of an aluminum atom is 19.2 nm during the build
of the part, which takes 120 min. The latter estimation
explains why concentration variations on the scale of the
layer thickness are not homogenized.
5. Conclusion
A processing window for Ti–6Al–4V covering a wide
range of scanning speeds was determined. Scanning speeds
up to 6.4 m s1 were successfully employed to manufacture
dense samples, indicating that much higher scanning speeds
are also feasible. The minimum line energy necessary to
realize dense samples decreases with increasing scanning
speed since thermal conduction losses are more and more
suppressed. For high scanning speeds the processing win-
dow is nearly stable and only slightly varying with scanning
speeds. The size of the HAZ and the amount of evapora-
tion losses (mainly aluminum) are dependent on the line
energy for a given scanning speed. Within the processing
window the evaporation losses increase with increasing line
energy. The minimal and maximal evaporation losseswithin the processing window seem to have the same values
for every scanning speed. Selective evaporation leads to a
nonhomgeneous aluminum content within the material
on the scale of the layer thickness.
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